41 65 results and thus, may have limitations for plant improvement. To date, no global/temporal gene 66 expression studies of developing seed have been conducted in oat. 67 68 Analysis of Avns and lipid biosynthetic genes through time can facilitate an understanding their 69 metabolism. Three genes encoding 4-coumaroyl-CoA 3-hydroxylase (CCoA3H), caffeoyl-CoA 70 3-O-methyltransferase (CCoAOMT) and hydroxyanthranilate hydroxycinnamoyltransferase 71 (HHT) were cloned by Yang et al. (2004), and are key genes involved in Avns biosynthesis in 72 oat (Collins, 2011). Oat grain has higher oil content than wheat or barley (Banaś et al., 2007; 73 Liu, 2011), and, unlike other cereals, the majority of oat lipids (86-90%) are found in the 74 endosperm (Banaś et al., 2007). However, oat lipid biosynthetic genes have yet to be cloned, 75 and neither Avn nor lipid biosynthetic gene profiles have been investigated. 76 77 High throughput sequencing, de novo transcriptome assembly and quantification technologies 78 are continually improving (Grabherr et al., 2013; Patro et al., 2017) making it possible to 79 quantify transcript expression with high precision in non-model species, even when a reference 80 genome sequence is not available. Furthermore, the 3' mRNA sequencing technology enables 81 the generation of gene expression profiling data for hundreds of samples with high precision 82 and reasonable cost (Kremling et al., 2018; Moll et al., 2014; Tzfadia et al., 2018). Here, we 83 generated full-length transcript RNA sequences for developing seed of the oat cultivar Ogle-C 84 (cv. Ogle-C) using both Illumina HiSeq 2000 and MiSeq sequencing platforms, together with 85 4 QuantSeq 3' mRNA sequencing data of developing seeds from 22 oat cultivars in two 86 environments across six developmental time points. Our objectives were to: (i) generate a high-87 quality and comprehensive de novo oat seed transcriptome; (ii) identify global temporal gene 88 expression patterns and reveal biological processes behind them; (iii) estimate heritabilities of 89 identified temporal gene expression 1 sets and evaluate their potential usefulness in plant 90 breeding; and (iv) describe the temporal expression patterns of Avns and lipid biosynthetic 91 genes. 92 1 The term gene expression is used to indicate transcript abundance in this study. 5 Results 93 94
Summary 18
Oat ranks sixth in world cereal production and has a higher content of health-promoting 19 compounds compared to other cereals. However, there is neither a robust oat reference 20 genome nor transcriptome. Using deeply sequenced full-length mRNA libraries of oat cultivar 21 Ogle-C, a de novo high-quality and comprehensive oat seed transcriptome was assembled. 22 With this reference transcriptome and QuantSeq 3' mRNA sequencing, gene expression was 23 quantified during seed development from 22 diverse lines across six time points. Transcript 24 expression showed higher correlations between adjacent time points. Based on differentially 25 expressed genes, we identified 22 major temporal co-expression (TCoE) patterns of gene 26 expression and revealed enriched gene ontology biological processes. Within each TCoE set, 27 highly correlated transcripts, putatively commonly affected by genetic background, were 28 clustered, and termed genetic co-expression (GCoE) sets. 17 of the 22 TCoE sets had GCoE 29 sets with median heritabilities higher than 0.50, and these heritability estimates were much 30 higher than that estimated from permutation analysis, with no divergence observed in cluster 31 sizes between permutation and non-permutation analyses. Linear regression between 634 32 metabolites from mature seeds and the PC1 score of each of the GCoE sets showed 33 significantly lower p-values than permutation analysis. Temporal expression patterns of oat 34 avenanthramides and lipid biosynthetic genes were concordant with previous studies of 35 avenanthramide biosynthetic enzyme activity and lipid accumulation. This study expands our 36 understanding of physiological processes that occur during oat seed maturation and provides 37 plant breeders the means to change oat seed composition through targeted manipulation of key 38 pathways.
Introduction 42 Oat ranks sixth in world cereal production (USDA, 2019), and has a high content of health- 43 promoting compounds in comparison to other cereals. Historically, oat was used primarily as 44 animal feed (Hoffman, 2011) , but recently it has been increasingly used as a human food 45 because of health benefits associated with lipids, functional proteins, and dietary fibers such as 46 β-glucan (Rasane et al., 2013) . Oat also produces unique phenolic compounds known as avenanthramides (Avns), which have been reported to modulate signaling pathways associated 48 with cancer, diabetes, inflammation, and cardiovascular diseases (Tripathi et al., 2018) . only one cultivar was examined, which may reflect genotype-dependent or genotype-specific Pairwise correlation of transcript expression and number of differentially 136 expressed transcripts (DETs) between adjacent time points 137 Using the 326 samples, we performed pairwise correlation analysis and differential gene 138 expression analysis between time points (Appendix S3). This analysis showed high correlation 139 between adjacent time points, with decreasing correlation as time increased (Figure 3a) . For 140 example, the transcriptome expression of 8DAA had correlation coefficients of 0.959, 0.917, 141 0.817, 0.781, and 0.777 at 13DAA, 18DAA, 23DAA, 28DAA and 33DAA, respectively. This 142 analysis also split the six time points into two groups. Transcriptome expression at 8DAA, 143 13DAA, and 18DAA showed higher correlation with each other than with later time points. 144 Likewise, expression at 23DAA, 28DAA, and 33DAA showed higher correlation than with earlier 145 time points. The lowest correlation between adjacent time points happened between 18DAA 146 and 23DAA.
147
DETs analysis between adjacent time points showed that the greatest number of DETs 148 occurred between 18-23 DAA, and lowest number of DETs occurred between 28-33 DAA 149 (Figure 3b) . The maximum DETs occurred between early and middle stages of development, 150 with many fewer DETs observed at later stages. We observed 8986 DETs between 8-13DAA, 151 of which 4805 were also differentially expressed between 13-18DAA, while 8477 distinct 152 transcripts were differentially expressed between 13-18DAA. (Figure S4a,c) . Oxidation-reduction (GO:0055114) was over-represented in all time intervals 169 except 28-33DAA ( Figure S4a) , which is the very end of the sampled seed development stage.
170
In contrast, nutrient reservoir activity(GO:0045735) was over-represented only in 28-33DAA 171 (Figure S4c ).
173
Global temporal co-expression(TCoE) patterns 174 We used 25,971 total DETs between five pairs of adjacent time points to explore global TCoE 175 patterns. Transcripts were clustered according to differential expression patterns. In theory, 176 there are 3 5 =243 possible expression patterns considering that there are three states (up-177 regulated, down-regulated, and no change) in each of the five time intervals. We observed only 7 80 expression patterns ( Figure S5 ) with a very skewed frequency such that the top 20 patterns 179 contain 91% of the transcripts (Figure 4) contain a comparable number of transcripts (928 and 878, respectively). We also found that the 195 number of transcripts in an expression pattern was predicted by the number of differential 196 expression events in the pattern (e.g., "One-step-up-at-8DAA (Top-8)", "Up-at-13DAA-down-at-197 18DAA (Top-19)", and "Three-steps-up-at-8DAA (Top-9)" have one, two, and three differential 198 expression events, respectively. Figure S6) . Thus, the number of transcripts in an up-regulated 199 pattern was well explained by the number of transcripts in its symmetrical down-regulated 200 pattern and by its number of differential expression events. Heritability estimation of the 22 TCoE sets 220 As we had both temporal and genetic breadth in our design, we estimated the heritability of our 221 transcriptome, a novelty compared to previous studies (Li et al., 2014 (Li et al., , 2018 we found the p-values from real data were much lower than that obtained from permutations 255 (Figure S8 ).
257
Temporal transcript expression pattern of Avns and lipid biosynthetic genes 258 Two of the compositional features that distinguish oats from other cereals are high lipid levels 259 and the multifunctional Avns. We identified transcripts with sequence similarity to biosynthetic 260 genes for both pathways ( Table S4 ). All of our candidates showed long alignment length and 261 high percentage of identity to their reference sequences, and each had a high number of 262 mapped reads across all samples except FAD3, which was excluded in expression pattern 263 analysis.
264
CCoA3H, CCoAOMT and HHT are three key genes for Avns biosynthesis (Collins, 2011) . The
265
CCoA3H gene was up-regulated from 8DAA (Figure 6a) , reaching a peak either at 13DAA or 266 18DAA depending on genotype and then declining, and reaching a plateau at 23DAA or 28DAA.
267
The CCoAOMT gene showed a similar expression pattern to that of the CCoA3H, but with more 268 variation between genotypes. Expression of the HHT gene moved up and down within a 269 relatively small range across all time points, but did not show a clear expression pattern 270 common across all genotypes.
271
Key genes involved in fatty acid biosynthesis showed several different expression patterns 272 (Figure 6b) . Expressions of ACCase, FAB2, FAE1/KCS18, FATB, PDAT1 and WRI1 started to 273 decline from 8DAA and reached a plateau either at 23DAA or 18DAA (WRI1). Expressions of 274 DGAT1/TAG1, FAB1/KAS2, LPCAT1 and PAH1 started to decline at 8DAA, reached a valley at 275 18DAA, and rose to a plateau at 23DAA. Expression of the FAD2 gene started to rise at 8DAA, 276 reached a peak at 13DAA, and declined after 13DAA until reaching a final plateau at 23DAA.
277
The GPAT9 gene showed different expression patterns between genotypes, but most 278 genotypes started to decline at 8DAA, then rose after 13DAA, and reached a final plateau at 279 23DAA. Transcriptome assembly validation and quality evaluation 283 A common issue for de novo transcriptome assembly is that while there are many transcripts in 284 the initial assembly, there is no optimal approach to filter them. A number of studies have used 285 the longest isoform (Gutierrez-Gonzalez, Tu, et al., 2013; Hirsch et al., 2014) . In this study, we 286 started with the longest isoform set (n = 134,418), and found 90.5% of it could be aligned to oat 287 relatives (n=48,740), oat genome scaffolds (n=71,982) or Viridiplantae proteins (n=918, Figure   288 1). However, 9,817 (7.3%) transcripts couldn't be aligned to any of these. Hypotheses to 289 explain non-alignment are that they were too small to align to a protein in UniRef100 ( Figure   290 S9), were non-coding RNA, were sequence unique to oat, or Ogle-C specific transcripts 291 missing in the oat genome v1.0. There was no good reason to filter them out, so we included 292 them in our RTA for the downstream analyses.
294
Various methods have been proposed to assess the quality of transcriptome assemblies.
295
BUSCO has been considered the gold standard to evaluate completeness of genome assembly (Table S1 ). Based on 303 the expression profiles of 12 HiSeq samples of cv. Ogle-C whose developing seeds were 304 collected at 7, 14, 21, and 28 DAA with three biological replications each, we were able to 305 assign all 12 samples into four clusters corresponding to the four sampling times (Figure S10) , 306 and the average correlation among biological replicates was 0.97 ( Figure S11 ). Finally, we 307 evaluated the quality of our transcriptome assembly by searching the RTA for Avns and lipid 308 biosynthetic genes homologous to other oat cultivars or other species. All three genes of 309 CCoA3H, CCoAOMT, HHT involved in Avns biosynthetic pathways were found to have high 310 similarity to their reference sequences from Arabidopsis, Brachypodium distachyon or other oat 311 cultivars ( (Krafft et al., 2011) . 370 We further found heritabilities of GCoE sets estimated from our real dataset were much higher 371 than those estimated from permuted datasets ( Figure 5) . Moreover, after Bonferroni correction, 372 none of the 22 temporal co-expression sets had a cluster size distribution significantly different 373 from that of a null distribution obtained by permution (Table S3 ). Completing the causal chain 374 from genotypes to transcribed genes to metabolomic phenotypes, we showed that for the 375 overwhelming majority of GCoE (106 GCoE identified across 22 TCoE, Figure S8) , transcript 376 levels correlated with metabolite levels. Given the relatively small number of oat lines we 377 worked with, statistical power to identify specific transcript to metabolite correlations was too 378 low to overcome the multiple testing burden. Nevertheless, these correlations suggest the 379 groups of genes we observed at temporally co-regulated clusters are biologically meaningful 380 and represent useful groups of traits that breeders will able to select upon to manipulate oat 381 seed composition to more desirable endpoints. Validation of the de novo transcriptome assembly 437 We started with the longest isoform set from each Trinity "gene" (Figure 1) 455 In 2016, we planted in the field and greenhouse 24 lines (Table S2 ) selected by clustering an 456 oat diversity panel of 500 lines into 24 groups based on genotype and choosing the centroid of 457 each cluster. This method of selection caused the lines to have low relatedness to each other, 458 resulting in a genomic relationship matrix close to being diagonal (Figure S12) . 459 In both trials, a randomized complete block design(RCBD) with two replicates was used ( regulated and not differentially expressed, which were coded as "u", "d", and "0", respectively.
504
In this way, the expression pattern of each DET was coded as a string of five characters for the 505 five time intervals. Finally, transcripts were classified into different temporal expression patterns 506 based on their expression pattern codes. 
531
To test rigorously if the observed distribution of cluster sizes deviated from its expectation 532 under the null distribution we used permutation testing. For a given TCoE set, expression of all 533 genes were permuted relative to each other. The permuted matrix was then clustered to form 534 eight clusters and the clusters ordered by size, but always dropping the smallest cluster.
535
Permutation and clustering were repeated 1,000 times. The mean and covariance matrix 536 among permuted cluster sizes were used to calculate the Mahalanobis distance of the non-537 permuted cluster size vector from the mean, and a corresponding p-value was calculated 538 based on a Chi-Squared distribution with 7 degrees of freedom (Brereton, 2015; Wicklin 2012) .
539
This procedure was repeated for each of the 22 TCoE sets. 
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